While most melanomas can be distinguished from nevi by histopathology, the histology is ambiguous for some melanocytic tumors, contributing to diagnostic uncertainty. Therefore molecular assays, including FISH or SNP array, and more recently a gene expression test (myPath, Myriad Genetics) have been proposed to aid in the work-up of ambiguous tumors. Two hundred and sixty-eight prospectively submitted cases were gathered, with the goal of comparing the myPath assay to morphologic diagnosis in (1) morphologically unequivocal cases (198), and to morphologic diagnosis and FISH in (2) morphologically ambiguous cases (70). Melanoma FISH was performed using probes for 6p25, 6q23, 11q13, Cep6, 9p21, and Cep9 and scored according to established criteria. The myPath assay was scored by the manufacturer as benign, indeterminate, or malignant. In the unequivocal group, myPath assay showed 75% agreement with morphologic diagnosis, with 67% sensitivity and 81% specificity. In the ambiguous group, FISH and myPath showed 69% inter-test agreement. For these cases agreement with histopathologic interpretation was 84% for FISH and 74% for myPath. Sensitivity and specificity of FISH was 61 and 100%, 50 and 93% for myPath, respectively. Cases from both groups in which myPath was discordant with either morphologic diagnosis and/or FISH (81/268 cases), were submitted for evaluation by two experienced dermatopathologist and also by SNP-array. SNP-array results correlated better than FISH, which correlated better than myPath, with the morphologic interpretation. Our findings document that molecular diagnostics show good correlation with consensus diagnoses, but discordant results occur, and vary in level of correlation with consensus interpretations. Studies with long-term outcomes data within specific ambiguous lesion subsets are required to establish the accuracy of this test, as each molecular diagnostic technique has limitations based on both lack of clinical outcomes data in ambiguous melanocytic tumors and in terms of their sensitivity and specificity in melanocytic lesion subtypes.
Introduction
Histopathologic evaluation of melanocytic neoplasms allows for accurate classification of the majority of cases as either benign or malignant. However, the biologic behavior of a subset of melanocytic tumors remains notoriously challenging to predict based on morphologic evaluation alone due to conflicting features, leading to both under and over diagnosis of melanoma [1] [2] [3] . Given the critical need for accurate diagnosis of melanocytic tumors to ensure proper clinical management, ancillary molecular diagnostic tools have been recently proposed to aid in the classification of lesions with morphologic features that show conflicting findings of both benign and malignant melanocytic lesions (reviewed in the ref. [4] ).
Melanomas typically contain multiple chromosomal aberrations, in contrast to benign nevi [5, 6] , and the harnessing of this genomic information (in particular utilizing knowledge of recurrent aberrations found across the different genetic melanoma subtypes) has led to the development of the melanoma fluorescence in situ (FISH) test as well as array comparative genomic hybridization (aCGH) as ancillary tools to aid in melanoma diagnosis, both of which assess for chromosomal gains and/or losses. aCGH has the advantage of querying the entire genome for chromosomal aberrations however it is currently limited in its applicability due to its higher tumor tissue requirements, lower resolution (in comparison to FISH), limited published data on its application to morphologically ambiguous melanocytic tumors, expense and lack of coverage by many insurers, and the unknown significance of isolated genetic aberrations detected by aCGH [4, 7, 8] .
Melanoma FISH is a commercially available test utilizing 3 probes to chromosomes 6 (6p25, 6q23, and CEP6), and 1 on chromosome 11 (11q13), and more recently 2 additional probes on chromosome 9 (9p21 and CEP9), with or without an additional probe on chromosome 8 (8q24) [9] [10] [11] [12] [13] [14] [15] [16] . The test is considered positive if any one of 6 criteria are met in a subset percentage of tumor cells above a previously established threshold, including an absolute or relative gain of 6p25 or relative loss of 6q23 (with CEP6 as a control), gain of 11q13, homozygous deletion of 9p21 (using CEP9 as a control), or gain of 8q24. The reported sensitivity of FISH in morphologically unequivocal melanomas and benign nevi using the original 4 probes (6p25, 6q23, CEP6, and 11q13) ranged from 75 to 100% [9, 10, 13, [17] [18] [19] [20] [21] [22] and a specificity of approximately 95%, with lowest sensitivity in spitzoid melanomas and melanomas from intermittently sun-damaged skin. Cep 9 and 9p21 (a region showing homozygous deletion in some spitzoid melanomas) were added to the 4 probe assay to improve the sensitivity in spitzoid tumors [14, 16] . As the majority of published literature on the test is from morphologically unequivocal cases, however, the diagnostic utility of the FISH assay in truly histopathologically ambiguous melanocytic remains controversial, due to the limited amount of published data on the test's sensitivity and specificity in ambiguous melanocytic tumors with long-term clinical outcomes data [9, 13, [21] [22] [23] . Based on the limited data to date on this latter case cohort, it appears that 9p21 homozygous deletion and to a somewhat lesser extent, gains in RREB1 or CCND1, tend to show a higher correlation with clinically aggressive behavior in ambiguous melanocytic tumors with long-term outcomes data, at least in ambiguous spitzoid melanocytic tumors [16, 24] .
Recently, a diagnostic gene expression-based test (myPath, Myriad Genetics) has been marketed as an ancillary diagnostic tool to aid in the classification of challenging melanocytic tumors [25] [26] [27] [28] . The test analyzes the expression of 23 genes (including 14 genes implicated in melanoma pathogenesis and 9 housekeeping genes) via quantitative RT-PCR, and calculates a gene expression score by utilizing a proprietary algorithm to assess the relative levels of gene expression into a negative (benign), indeterminate, or positive (malignant) score. It has been clinically validated in a retrospective study authored by Myriad, containing 437 morphologically unequivocal melanocytic lesions (211 melanomas and 216 nevi) [25] . There is as yet relatively limited clinical experience with the test, including on unequivocally benign and malignant melanocytic tumors, with a reported sensitivity and specificity (including indeterminate cases which comprise between 10 and 16% of reported cases), ranging from 53-90 to 90-100%, respectively and of 62-94 to 90-100%, respectively excluding indeterminate cases, in classifying unequivocally benign from malignant lesions [25] [26] [27] [28] [29] . Two studies comparing the test to other ancillary molecular diagnostic tests have been performed, however the number of cases in these studies was limited [27, 29] . A single study assessed the results of the myPath assay on 78 ambiguous melanocytic tumors [29] ; however, there is no information on the test's performance on ambiguous melanocytic tumors with long-term clinical outcomes data.
The goal of this study was to independently compare the myPath assay to morphologic diagnosis in a large series of prospectively submitted (1) morphologically unequivocal cases, and to expert consensus morphologic diagnosis, FISH, and SNP array analysis in (2) morphologically ambiguous cases and gene score discordant cases, collected from a large community-based practice.
Materials and methods

Patients
This study was approved by the Institutional Review Board at Inform Diagnostics. Patients with a diagnosis of a borderline (histologically ambiguous) melanocytic tumor diagnosed at Inform Diagnostics between November 2013 and April 2015 for which material was available, were prospectively analyzed. Patients from the same time period with a morphologically unequivocal diagnosis of melanoma, common nevus, dysplastic nevus, Spitz nevus, deep penetrating nevus, and blue nevus served as controls. Reexcision specimens were excluded from the study. Clinical and histopathological information regarding the patient's age, gender, lesion type, involved anatomic site was obtained. All cases had either previously stained hematoxylin and eosin slides, and/or sufficient tissue available in paraffin embedded blocks for subsequent evaluation. Overall the control portion of the data set included 117 benign nevi (19 common melanoma, 20 melanoma in situ). The second data set was comprised of 70 morphologically ambiguous cases, which were deemed to be histopathologically challenging by two independent experienced dermatopathologists and also by an additional pathologist (JR or SS) and to therefore warrant additional molecular analysis.
FISH
Melanoma FISH was performed at Inform Diagnostics on FFPE tissue using probes RREB1 (Ras-Responsive Element Binding Protein-1) on chromosome 6p25 (Empire Genomics, Buffalo, NY, USA, MYB (myeloblastosis) on chromosome 6p23 (Abbott Molecular Inc, Abbott Park, IL, USA), CCND1 (cyclin D1) on chromosome 11q13 (Abbott Molecular Inc, Abbott Park, IL, USA), CDKN2A on 9p21 (Abbott Molecular Inc, Abbott Park, IL, USA), CEP6 (Abbott Molecular Inc, Abbott Park, IL, USA), and CEP9 (Abbott Molecular Inc, Abbott Park, IL, USA), according to manufacturer's instructions. Two cytotechnologists trained in the melanoma FISH assay each enumerate 50 nuclei, scoring independently (for a total of 100 nuclei). These results are compared and if they are not concordant, a third scorer is brought in to score, to ensure maximal accuracy. Cases were interpreted as positive if greater than 55% of nuclei contained more 6p25 (RREB1) than CEP6 signals, greater than 29% of nuclei contained greater than 2 6p25 (RREB1) signals, greater than 40% of nuclei showed less 6q23 (MYB) than CEP6 signals, greater than 38% of nuclei contained greater than 2 11q13 (CCND1) signals, or greater than 33% of nuclei showed homozygous loss of 9p21, according to previously published criteria [30] . All cases were assessed and controlled for the presence of a significant tetraploid population.
Gene expression score
Cases were submitted to Myriad Genetics (Salt Lake City, UT, USA) for analysis with the myPath melanoma gene expression score, and were classified as either benign, indeterminate, or malignant based on previously demarcated thresholds by the manufacturer [25] .
Histopathologic review of discordant cases
All cases for which the gene expression score was discordant with either the histopathologic final diagnosis and/ or the melanoma FISH result, were additionally submitted for histopathologic review by two experienced dermatopathologists (KB and EV). This is in addition to the initial review by three other experienced dermatopathologists which was performed on all the cases in the morphologically challenging cohort at the time of initial diagnosis.
Each case was anonymized and was reviewed independently by EV and KB, and included the slide material on which the initial diagnosis was made (including H&E slides, levels when necessary, and immunostains). The available clinical information, including patient age, anatomic location, and sex, was provided. They were blinded to the sign out diagnosis as well as to the gene expression score, FISH and SNP array results. Cases were categorized as favor benign or favor malignant only if there was full concordance on expert review; all the rest were categorized as ambiguous.
SNP array analysis
Cases in which the myPath gene expression score was discordant with either the morphologic evaluation and/or the FISH result, for which sufficient material was available, were submitted for a more comprehensive cytogenetic analysis at Memorial Sloan Kettering Cancer Center by SNP array using the Affymetrix OncoScan assay (Affymetrix, Santa Clara, CA) as previously described [7] .
Statistical analysis
The Fisher's exact test was utilized to assess differences between variables and was performed with VassarStats. As it is recommended to avoid exclusion of indeterminate results in statistical analysis in a test that can result in equivocal results (as this can lead to bias in reporting of diagnostic test performance, including falsely elevated measurements of sensitivity and specificity) [31, 32] , the indeterminate results (−2 to −0.1), were grouped as negative results in the calculation of sensitivity and specificity.
Results
MyPath test results in unequivocal cases
To assess the performance of the myPath assay on histopathologically unequivocal cases, we submitted 81 malignant (61 invasive melanoma [ deep penetrating nevi, 1 Bapoma) for analysis. The myPath gene expression score had a 75% overall agreement with histopathologic diagnosis (67% sensitivity and 89% specificity). In the malignant group, 11 of the invasive melanomas (18%) (10 superficial spreading melanomas, 1 malignant melanoma arising in a blue nevus), and 5 melanoma in situ cases (25%) were negative on the myPath assay (Fig. 1) . Six invasive melanomas (10%) (1 nodular melanoma, 5 superficial spreading melanomas) and 4 melanoma in situ cases (20%) were scored as indeterminate (Fig. 1) . Two invasive melanomas (3%) yielded no result due to insufficient RNA. In the benign group, 12 nevi (10%) (3 mildly dysplastic, 5 moderately dysplastic, 3 severely dysplastic, and 1 bapoma) were scored as malignant with the myPath assay (Fig. 2) , 8 nevi (7%) (1 mildly dysplastic, 3 moderately dysplastic, 3 severely dysplastic, 1 common compound nevus) were scored as indeterminate, and 9 nevi (8%) (2 blue nevi, 2 moderately dysplastic, 2 severely dysplastic, 1 common compound nevus, 2 spitz nevi) yielded no result due to insufficient RNA. The diagnoses in the myPath discordant cases from the morphologically unequivocal group were additionally confirmed as either benign or malignant on the expert review (see below), with the exception of 3 invasive melanomas arising in nevi, 4 dysplastic nevi, and 2 melanoma in situ, all of which were categorized as ambiguous as an unequivocal expert consensus diagnosis was not reached. These were therefore removed from this cohort of cases, yielding a final cohort of 189 unequivocal cases. In this final cohort, the myPath gene expression score had a 79% overall agreement with histopathologic diagnosis (72% sensitivity and 94% specificity) ( Table 1) . Excluding indeterminate cases, the sensitivity and specificity of the myPath assay in unequivocal cases was 83% and 89%, respectively. Although all dyplastic nevi (including all dysplastic nevi categorized as dysplastic nevus with severe atypia) in the final cohort of unequivocal cases in our study were verified as benign on expert review, as definitive classification of severely dysplastic nevi is a notoriously challenging diagnostic area even amongst experts in dermatopathology, we additionally calculated the myPath assay sensitivity and specificity and overall agreement in the unequivocal case cohort excluding all nevi with severe atypia. The sensitivity, specificity, and overall agreement excluding all dysplastic nevi with severe atypia were essentially the same as with including the severely dysplastic nevi (72%, 91%, and 80%, respectively).
Results of MyPath and FISH tests in morphologically challenging cases
We next compared the results of the myPath assay to the melanoma FISH assay in 70 prospectively submitted morphologically challenging cases. Melanoma FISH and the myPath score showed a 69% intertest agreement ( Table 2 ). The myPath assay showed a 74% overall agreement with the final interpretation (50% sensitivity, 96% specificity), excluding 17 cases which remained in the histopathologically ambiguous category despite expert review (Table 3) . Melanoma FISH showed an 84% agreement with final interpretation (61% sensitivity, 100% specificity) (Table 3) , again excluding the 17 morphologically ambiguous cases. Excluding indeterminate cases, the myPath sensitivity and specificity was 67% and 96%, respectively. Table 4 lists the breakdown of morphologically challenging cases by specific histopathologic subcategories: spitzoid (45), lesions in which the differential diagnosis was between melanoma and dysplastic or mitotically active atypical nevus (nevoid category [17 cases]), and 4 deep penetrating nevus-like cases). The sensitivity and specificity of the melanoma FISH and myPath assays were similar in the spitzoid category (60% and 100% respectively for FISH and 67% and 95% for myPath, respectively) as was the overall agreement with morphologic interpretation (87%); however, the sensitivity of the myPath assay was lower than FISH in the nevoid cases (63% for FISH and 50% for myPath, respectively). The overall agreement with morphologic interpretation was also lower for the myPath assay as compared to FISH in the nevoid cases (54% and 75%, respectively). Both FISH and the myPath assay showed similar results in the DPN-like category, although the small size of the case cohort precluded assessment of sensitivity and specificity.
Results of expert histopathologic review and SNP array on myPath discordant cases
All cases from both the histologically unequivocable group as well as the histologically ambiguous group in which the myPath result was discordant with either the morphologic final diagnosis (unequivocable group) or the consensus final signout and/or the FISH result in the ambiguous group (81/268 cases), were submitted for independent evaluation by 2 additional experienced dermatopathologist and also for SNP array (if sufficient material was available). As mentioned previously, the diagnoses in the myPath discordant cases from the morphologically unequivocal group were confirmed as either benign or malignant on the expert review, with the exception of 3 invasive melanomas arising in nevi, 4 dysplastic nevi, and 2 melanoma in situ, all of which were categorized as ambiguous as an expert consensus diagnosis was not reached.
The myPath result showed a 14% concordance rate with the concordant expert consensus diagnosis (excluding cases in which there was a lack of consensus between the expert reviewers and the final sign out diagnosis) ( Table 5 ). Of these discordant cases, false positives (52%; 11/21 cases) occurred at approximately the same rate as false negatives (48%; 14/29 (Table 5 ; Fig. 3 ). Only 31 of the myPath discordant cases had sufficient material for SNP array. The concordance of SNP array with consensus diagnosis was 71%, which was higher than FISH (54%) ( Table 5) . Interestingly, the one case categorized as benign on expert review that was positive on SNP array was also scored as malignant on the myPath assay (FISH was not performed). This lesion was diagnosed as a dysplastic nevus with reexcision recommended, and was also categorized as dysplastic nevus in the expert review. The lesion was completely excised.
Discussion
For a screening test to be clinically relevant, it should have a satisfactory sensitivity and specificity, be cost effective, and provide useful clinically actionable information to guide patient care, based on robust and sufficiently powered independent and ideally prospective studies. Outside of studies co-authored by the employees of and/or consultants for the manufacturer (Myriad), limited data has been published on the myPath test's performance in accurately categorizing unequivocally benign or malignant melanocytic tumors or compared it's performance in categorizing ambiguous melanocytic tumors against the current gold standard, histopathologic evaluation, although it is available as a lab developed test and is being utilized to influence diagnostic decision-making [33, 34] . Additionally, comparison of myPath to the melanoma FISH test in the published literature prior to this study is limited to only 15 unequivocally malignant, 24 benign, and 78 morphologically challenging cases [29] . Comparison of myPath to a comprehensive cytogenetic analysis, such as SNP array has been performed in 9 published malignant cases to date [27] . In this study, we sought to independently evaluate the performance of the myPath test in a larger prospectively submitted set of unequivocally benign and unequivocally malignant melanocytic tumors, as well as compare the test's performance to that of melanoma FISH and SNP array in the categorization of challenging melanocytic lesions (for which the test was created), using expert histopathologic evaluation as the gold standard. The myPath test was assessed on a cohort of 189 morphologically unequivocal cases (76 malignant and 113 benign melanocytic neoplasms), and was found to have a 79% overall agreement with histopathologic diagnosis, with a sensitivity of 72% and specificity of 94%. This is in contrast to the manufacturer's reported sensitivity and specificity of 90% and 91%, respectively, although it is relatively similar (62% and 97%, respectively) to that reported in Minca et al. [29] . In contrast to the manufacturer, our results include the indeterminate cases, as for a test that can result in equivocal results the recommendation is to avoid exclusion of the indeterminate result in statistical analysis, as this can lead to bias in reporting of diagnostic test performance, including falsely elevated measurements of sensitivity and specificity [31, 32] , which is why samples with indeterminate test scores (−2.0 to −0.1) were not excluded in our study, but instead were grouped as negative. The presence of an indeterminate category within the myPath assay also remains a limitation of the assay itself, as this equivocal result is difficult to know how to interpret. Given the fear of underdiagnosis of malignancy within our litigious medical atmosphere in the United States in particular, this equivocal category may lead to overclassification/overtreatment of benign lesions with atypical morphologic features and an indeterminate result as malignant.
Our cohort of unequivocally malignant cases included a majority of superficial spreading melanomas (69%). The superficial spreading histological pattern is the most common melanoma subtype, which is likely why the majority of the invasive melanomas were this subtype in the prospectively and consecutively submitted unequivocal malignant cases sent in. The malignant cohorts in the initial training and validation performed by the manufacturer also contained a majority of superficial spreading type (63% of all melanomas) [25] . While melanomas are still conventionally separated into 4 histologic subtypes (superficial spreading, nodular, lentigo maligna, and acral) the histologic subtype does not always correlate directly with genetic subtype, as the genetic drivers within these subtypes are diverse (for example while the majority of superficial spreading melanomas have BRAF mutations, others harbor NRAS, or KIT mutations, or are triple wildtype). Despite this genetic heterogeneity however, the predominance of superficial spreading type melanoma is a limitation to our study as well as to the initial validation of the assay, as the sensitivity and specificity of the assay may be different in different melanoma subtypes.
Within the 70 additional ambiguous melanocytic tumors submitted, the myPath assay showed a 74% overall agreement with the final expert histopathologic interpretation (50% sensitivity, 96% specificity; excluding 17 cases which remained in the histopathologically ambiguous category despite expert review, and a 69% intertest agreement with melanoma FISH. Similarly to the previously published data comparing myPath to melanoma FISH [29] , the sensitivity and specificity of the melanoma FISH assay was higher than the myPath test (61% and 100%, respectively) as was the agreement with final expert histopathologic interpretation (84%). The 100% specificity of the melanoma FISH test in this cohort was unexpected, since we have seen a number of false-positive FISH test results even after careful adjustments for tetraploidy. Based on experience with a much larger set of cases in our practice, the specificity of the melanoma FISH test is around 95%.
Within the 31 cases with sufficient tissue for evaluation by SNP array, SNP array showed the highest agreement with expert consensus diagnosis (71%), followed by FISH (54%), and then myPath (14%), with the caveat that this population of cases was by definition enriched for cases in the myPath score was discordant with the initial sign out diagnosis and/or the FISH result, as it was this cohort of gene score-discordant cases which were specifically submitted for additional expert review and for SNP array. MyPath had a lower sensitivity in borderline melanocytic tumors with a nevoid morphology (50%) than it did in the spitzoid category of melanocytic tumors (67%). This may be due to an enrichment for lesions representing malignant transformation within a benign precursor within the ambiguous nevoid category in general, and consequent intermingling of benign melanocytes with malignant ones in the RNA extracted from these lesions for the myPath assay.
Within the unequivocally benign category of lesions, the false positive gene expression scores were seen exclusively within dysplastic nevi (9/73) and BAPomas (1/1).
Predicting the clinical behavior of histopathologically borderline melanocytic tumors remains one of the most challenging areas of dermatopathology, and hence the need for additional diagnostic tools other than conventional light microscopic analysis is pressing. Fear of under diagnosis of melanoma often leads to over diagnosis of malignancy and consequent overtreatment, particularly in borderline melanocytic lesions. Molecular tools have enlightened our understanding of the genetic pathways involved in the pathogenesis of many nevic and melanoma genetic subtypes [4] , and have highlighted the genetic heterogeneity of melanoma and melanocytic tumors. Given this genomic heterogeneity within cutaneous melanocytic neoplasia, it is not surprising that assays (including immunohistochemistry, melanoma FISH, and the myPath gene expression assay) relying on a narrow subset of biomarkers, show significant variability in sensitivity and specificity in accurately classifying melanocytic tumors. Interestingly, with regards to gene expression assay development, although gene expression profiling of melanomas in the literature has in the past identified genes whose expression was associated with either good or bad prognosis [35] [36] [37] [38] , no significant overlap of genes was seen between these studies. A molecular approach that is able to query the entire genome at high resolution (such as next generation sequencing) will likely yield the highest sensitivity and specificity. Until this type of analysis becomes sufficiently cost effective and there is data on the application of this technology as well as others (including the myPath gene expression assay, FISH, and SNP array) to ambiguous melanocytic tumors with long-term clinical outcomes data, histopathologic evaluation remains the standard of care in diagnostic evaluation of melanocytic tumors. If an ancillary diagnostic tool is to be utilized, the choice of assay is best guided by knowledge of the genetic aberrations specifically associated with disease progression within specific melanocytic tumor subtypes, existence of studies on application of the assay to borderline melanocytic tumors with outcomes data, as well as cost benefit analysis to the patient given the high deductibles and lack of coverage for many of these assays with insufficient peer reviewed evidence to validate their coverage.
